This is a report on the fabrication of a flexible OTFT backplane for electrophoretic display (EPD) using a printing technology. A practical printing technology for a polycarbonate substrate was developed by combining the conventional screen and inkjet printing technologies with the wet etching and oxygen plasma processes. For the gate electrode, the screen printing technology with Ag ink was developed to define the minimum line width of ~5 μm and the thickness of ~70 nm with the resistivity of ~10 -6 Ω·cm, which are suitable for displays with SVGA resolution. For the source and drain (S/D) electrodes, PEDOT:PSS, whose conductivity was drastically enhanced to 450 S/cm by adding 10 wt% glycerol, was adopted. In addition, the modified PEDOT:PSS could be neatly confined in the specific S/D electrode area that had been pretreated with oxygen. The OTFTs that made use of the developed printing technology produced a mobility of 0.13 cm 2 /Vs.ec and an on/off current ratio of 10 6 , which are comparable to those using thermally evaporated Au for the S/D electrode.
Introduction
Electrophoretic display (EPD) is expected to become the medium of the next-generation display for electronic books because of its paper-like appearance, flexibility, and low power consumption [1] [2] [3] . As EPD does not have a threshold voltage for rotating the black and white pigments in microcapsules, it should be controlled via a switch with a threshold voltage such as that of TFTs to implement a display panel. Among the various TFTs, the organic TFT has drawn much attention due to its low production cost and compatibility with the plastic substrate. For the implementation of low-cost and large-area applications, solution processes (e.g., screen printing [4] [5] [6] , inkjet printing [7] [8] [9] [10] , and microcontact printing [11] [12] [13] ) should be developed for various functional films, such as electrodes and the dielectric and semiconducting layers of OTFT.
Various materials have been used for the gate electrode of OTFTs, such as the heavily doped Si, the sputtered ITO, and thermally evaporated metals. The conventional vacuum processes do not satisfy the requirements of flexible application, such as low temperature and a roll-to-roll and lowcost process. Among the various existing solution processes, screen printing is a relatively simple printing method, but it has difficulty achieving a fine resolution of less than 100 μm and obtaining a thin film that is less than 1 μm wide. A thick gate electrode will cause an electrical short between the gate and S/D electrodes because it provides poor step coverage with the above insulator. Therefore, a new screen printing method must be developed.
For the source and drain (S/D) electrodes of OTFTs, gold (Au) is frequently used as a p-type semiconductor because of its low contact resistance. For commercialization purposes, however, Au must be replaced by an alternative conducting material as it has very high material and fabrication costs. Studies on poly(3,4-ethylenedioxythiophene): poly(styrene sulfonate) (PEDOT:PSS) have been conducted of late due to its many advantageous properties, and several experiments have been carried out to enhance its conductivity by adding an appropriate organic compound to a PEDOT:PSS aqueous solution. Among the deposition methods of PEDOT:PSS for the S/D electrodes, inkjet printing is considered the most appropriate due to its material efficiency. Its resolution, however, is limited to 20-50 um due to the statistical variations of droplets positioning and the spreading of droplets on the substrate. This is not sufficient in defining the S/D electrodes for the practical applications of OTFT. It is difficult to define a fine and continuous pattern with aqueous PEDOT:PSS on a hydrophobic dielectric layer, such as polyvinylphenol (PVP). Thus, the aqueous PEDOT:PSS layer must be heated during the printing process. Such heating can result, however, in the shrinkage of the plastic substrate, inducing alignment errors. Moreover, in this study, the droplets, which were dropped on the wrong positions due to the statistical variation of the flight from the inkjet head, were immediately dried by heating. Therefore, a new method of inkjet printing that can be carried out at room temperature must be developed.
In this study, a practical printing technology for the gate and S/D electrodes was developed. For the gate electrode, the screen printing method was combined with photolithography and the etching process to define the minimum line width of 5 um and the thickness of 70 nm, which could not be achieved by screen printing alone [14] . For the S/D electrode, PEDOT:PSS was employed to replace the thermally evaporated Au. The low conductivity of PEDOT:PSS was drastically improved by modifying it through the addition of glycerol. In addition, to define the fine S/D electrode with PEDOT:PSS, inkjet printing was combined with the pretreatment of oxygen plasma, which enabled the attainment of a fine S/D electrode with a 10 um channel length.
Experiments

Screen printing for the gate electrode
Nano Ag ink was purchased from ANP Co. The Ag content was set at 20 wt% so that a thin layer could be formed, and the average diameter of the Ag particles was about 30 nm. The ag particles were mixed with a base solvent of terpineol (boiling point: 214~220℃), which enabled a viscosity of ~120 cps to be achieved. PVP (poly-4-vinylphenol, Mw=20,000) was employed for the gate dielectric material and also for the adhesion material between the Ag electrode and the PC substrate. The detailed process for the fabrication of the PVP dielectric layer can be found in the literature [15] [16] .
The fabrication process of the nano Ag gate electrode using the screen printing and wet etching processes was as follows. First, the PC substrate was pre-annealed at 200 ℃ for 2 h to suppress thermal shrinkage during the subsequent processes. They were then cleaned with a cleaning solution and distilled water for 10 min, respectively. To enhance the adhesion between the Ag film and the PC substrate, the PVP solution was spin-coated on the substrate. The adhesion of the Ag film to the bare PC substrate was not sufficient due to the low surface energy. Thus, the surface energy of the bare PC substrate was increased by coating it with a PVP layer, which enhanced the adhesion.
The Ag film was deposited onto the PVP-coated PC substrate via the screen printing process, with nano Ag ink. It was subsequently cured at 200 for 60 min to elim ℃ inate the organic components, such as the solvent and surfactant. A screen mask made of a stainless-steel fabric with 640 mesh count/inch, including a 5-um-thick emulsion layer, was used to form a thin layer [17] . Photolithography was carried out on the Ag film, followed by wet etching, to pattern the film. Finally, the residual photoresist was stripped off with acetone to obtain the final gate electrodes. In addition, to compare the results of the fabricated nano Ag electrodes with the conventional vacuum-evaporated metal electrodes, Al electrodes with a thickness of ~70 nm were also fabricated on the same PVP-coated PC substrate via thermal vacuum evaporation and then wet etching.
The geometric characteristics, such as the line shape and the thickness of the gate electrodes, were examined with the use of an optical microscope (MX61L, Olympus) and of a three-dimensional (3D) profiler (NV-E1000, Nano System). The surface shape of the gate electrode was observed via field emission-scanning electron microscopy (JSM-6700F, JEOL).
Inkjet printing for the S/D electrode
PEDOT:PSS (Baytron, ph 500) and glycerol were purchased from H. C. Starck, Aldrich, respectively. The glycerol was mixed with PEDOT:PSS, and the solution was stirred for 3 h. The amount of glycerol was controlled to enhance the conductivity and to make the viscosity suitable for inkjet printing, and the curing temperature and time were optimized to obtain high conductivity by measuring the sheet resistance at various temperatures and times. The conductivity was measured with a four-point probe (CMT Series, AIT).
To overcome the discontinuity in the PEDOT:PSS line that was patterned on the PVP dielectric layer, the hydrophobic surface of a specific area on PVP was made hydrophilic by treating the area with oxygen plasma. The plasma process was carried out for 5 min, under the following conditions: 3 sccm oxygen flow rate and 100 W inductively coupled plasma power. The specific area was defined via photolithography. The photoresist was stripped off after the oxygen plasma treatment. PEDOT:PSS ink was dropped on the area, and then the geometric characteristics were examined with the use of a 3D profiler (NV-E1000 Nano System). An inkjet nozzle with a diameter of 50 um was also used. Thus, the droplet diameter was about 50 um, and the volume was 50 picoliters. OTFTs were fabricated to investigate the electrical properties of the modified PEDOT:PSS ink for S/D electrodes. The transfer and output characteristics of the OTFTs were measured using a semiconductor parameter analyzer (Keithley SCS-4200).
Fabrication of OTFTs
The conventional bottom gate and bottom contact structure for OTFTs were chosen for this study. The gate and S/D electrodes were fabricated using the aforementioned printing technologies. PVP was used for the gate dielectric layer and was deposited via spin-coating. With a dielectric constant of 3.6 at 1 MHz, the PVP gate insulator yields a high capacitance density, with a value of 9.1 nF/cm 2 at 350 nm. Despite a large root-mean-square (rms) roughness of 2.5 nm from the PC substrate, the leakage current density of PVP at an applied field of 1 MV/cm was less than 10 nA/cm 2 when measured over a 0.004-cm 2 contact area. For the semiconductor layer, pentacene was deposited at a deposition rate of 0.3 Å/s at a vacuum level of 2×10 −8 Torr.
Results and Discussion
Screen printing for the gate electrode
The gate electrode for OTFT had to have high conductivity, good adhesion with the substrate and the gate dielectric layer, and thin thickness with a smooth surface to achieve good step coverage and to prevent electrical shorts between the S/D and gate electrodes.
The geometric characteristics and electrical performance of the screen-printed Ag electrodes were investigated. Fig. 1 shows the width of the gate electrode that was fabricated using the screen printing method with respect to the width of the layout. To enable comparison, the results of the thermally evaporated Al electrodes were likewise shown. In the case of the screen-printed lines, the lines were transferred as precisely as the layout when they were larger than 50 um, and the thickness was about 70 nm. The widths, however, decreased from 50 um, and they were reduced until they were 5~30% smaller than the layout. The reduction became serious as the widths became smaller than 30 um, and finally, the pattern disappeared when the widths became smaller than 5 um. The electrodes with widths of 5 um or less were reproducibly fabricated. With a width of 5 um, a display with a resolution higher than SXGA (super XGA) can be achieved.
The aforementioned pattern reduction resulted from the voids between the Ag particles that existed even after the sintering process at 200 , ℃ as shown in Fig. 2 . The acid of the etchant penetrated the voids in the etching process Fig. 3 . Optical-microscopy image of the gate electrodes and scan line using the combined screen printing and wet-etching process. 
Inkjet printing for the S/D electrode
The S/D electrodes of OTFT require a low-energy barrier for high hole injection, and also high conductivity. The conductivity of PEDOT:PSS was enhanced by adding glycerol to it. The mechanism of this conductivity enhancement, however, has not yet been clearly identified. A report insists that the additive might act as a plasticizer to help reorient the PEDOT chains at a high temperature [18] . Other reports suggest different mechanisms [19] [20] [21] . The mechanism of conductivity enhancement is controversial. The addition of glycerol not only helped improve the conductivity and surface wetting properties but also helped prevent nozzle clogging and improve the reliability of inkjet printing due to its high boiling point [22] [23] .
The resistivity strongly depended on the amount of glycerol that was added, as shown in Fig. 4 . The pristine PEDOT:PSS produced a resistivity of 10 Ω•cm. The resistivity of the PEDOT:PSS was decreased as the amount of glycerol that was added increased and reached 0.002 Ω•cm at 10 wt% glycerol.
The viscosity of the modified PDEOT:PSS also changed with the amount of glycerol that was added. The viscosity rapidly increased when the amount of glycerol that was added increased to above 20 wt%. The viscosity needed to be less than 20 cps for reliable jetting to occur without nozzle clogging. Therefore, the optimum amount of glycerol was found to be about 10~20 wt%, with high conductivity and a viscosity of less than 20 cps, as shown within the shaded range in Fig. 4 .
To define the S/D electrodes, modified PEDOT:PSS ink was dropped on the plasma-treated PVP area. The droplet diameter was about 100 μm, and four droplets could fill a 100x100-μm area with a height of 300 nm. The channel length of 10 μm was well defined, as shown in Fig. 5(a) . Sometimes, the droplets dropped outside the defined area due to the statistical variation of the droppings. They, however, moved and were confined in the area due to the surface energy difference between the plasma-treated area and the non-treated area. In addition, the plasma-treated area was slightly etched off by ~30 nm, as shown in Fig. 5(b) , forming a kind of bank, and it kept the ink inside the area and enhanced the confinement. For all printing processes, plasma treatment should be replaced by another printing process, such as microcontact printing, which is currently being developed.
Fabrication of OTFTs
The performance of OTFTs was examined for EPD application. On-state OTFTs should supply a sufficient current to charge a pixel capacitor up to 99% of the input voltage in a limited-selection row time of 1.3 msec, considering 5 Hz frame frequency and 150 rows. Therefore, the on-state current should be at least above 0.4 uA. The off-state current should be small so that the data signal stored in the pixel capacitor would not decay via the OTFT leakage path in the remaining frame interval. Considering the above op- erating condition, the off-state current should be less than 21 pA.
The transfer and output characteristics of OTFTs with the modified PEDOT:PSS containing glycerol and the pristine PEDOT:PSS without glycerol, and also the Au S/D electrodes, are shown in Fig. 6 for comparison purposes. The performance parameters (e.g., mobility and threshold voltage) were extracted and are summarized in Table 1 . The performance of the OTFTs using the pristine PEDOT:PSS without glycerol was the worst among the three devices. The mobility of the pristine PEDOT:PSS was about 0.01 cm 2 /V.s, which was ten times smaller than those of the others. Meanwhile, the mobility of the OTFTs using the modified PEDOT:PSS electrodes was similar to that of the Au electrodes. The OTFTs exhibited a mobility of 0.13 cm 2 /v.s, an off-state current of 0.002 pA/um, a subthreshold slope of 0.58, and an on/off current ratio of ~10 6 . The on-and offstate currents of the OTFTs with the modified PEDOT:PSS were 10 uA at VGS=-20 V and 3 pA, respectively. Thus, the above requirements for the on-and off-state currents were fulfilled. For EPD application, a passivation layer was deposited on the OTFTs. The passivation layer consisted of PVA/acryl double layers [24] . After passivation, the performance was slightly degraded by producing an on-state current of 1 uA and an off-state current of 10 pA, as shown in Fig. 6 , resulting in a mobility of 0.07 cm 2 /V.s. Such performance, however, still satisfied the requirements for EPD application. 
Conclusions
In this work, printing technologies for the gate and S/D electrodes of OTFTs were developed. For the gate electrodes, screen printing with Ag ink was combined with the conventional etching process to achieve fine patterns, which could not be accomplished by screen printing alone. Electrodes with a width of 5 um and a thickness of 70 nm were successfully fabricated. For the S/D electrodes, PEDOT: PSS was employed by considering its low contact resistance due to its pentacene semiconductor, and also its printing ability. The conductivity of PEDOT:PSS was drastically improved by adding glycerol to it, resulting in 500 S/cm at a 10 wt% glycerol amount. Inkjet printing was employed to define the S/D electrode with PEDOT:PSS, and the channel length of 10 um was achieved. The OTFTs with the above gate and S/D electrodes produced a mobility of 0.13 cm 2 /V.s, which was reduced to 0.07 cm 2 /V.s after passivation. The performance was sufficient to drive EPD.
